In wild-type strains of Escherichia coli K-12, the rate of thiomethylgalactoside (TMG)-induced ,3-galactosidase synthesis is decreased in the presence of galactose or glucose. A spontaneous mutant of a K-12 strain, 58-161, which synthesizes f3-galactosidase at a low rate was isolated. In this mutant, galactose, after a lag of about one generation time, evoked the same final differential rate of enzyme synthesis as did the gratuitous inducer TMG. However, constitutive, TMG-induced and galactose-induced synthesis in the mutant were subject to inhibition by exogenous glucose. It is concluded that repression of ,B-galactosidase synthesis derived from glucose is distinct from the inhibition derived from galactose. Since previous conclusions on the function of galactose as a repressor of 3-galactosidase synthesis depended on its effect on induced synthesis and thus probably involved permease complications, we decided to study the effect of galactose on constitutive synthesis. Our results make it clear that if galactose or a galactose derivative exerts a true repression, as opposed to an inhibition of inducer uptake, it does so by a mechanism distinct from catabolite or transient repression. We cannot, however, rule out inhibition of inducer uptake as the basis for the galactose effect.
f3-galactosidase at a low rate was isolated. In this mutant, galactose, after a lag of about one generation time, evoked the same final differential rate of enzyme synthesis as did the gratuitous inducer TMG. However, constitutive, TMG-induced and galactose-induced synthesis in the mutant were subject to inhibition by exogenous glucose. It is concluded that repression of ,B-galactosidase synthesis derived from glucose is distinct from the inhibition derived from galactose.
The synthesis of #3-galactosidase in Escherichia coli K-12 is governed by at least three distinct mechanisms: induction, mediated by various f.-galactosides (7); catabolite repression, mediated by a product or products of glucose catabolism and independent of induction (13) ; and transient repression, mediated by another product or products of glucose catabolism and perhaps related to induction (19) . In wild-type E. coli growing exponentially, transient repression is of short duration. In addition, certain conditions may modify the expression of these mechanisms. Thus, glucose and galactose inhibit induction by interfering with the transport of inducers (8) ; removal of an essential metabolite enhances catabolite repression in the presence of a readily utilizable carbon source (13) .
McFall and Mandelstam (16) found that in certain strains galactose decreases by 90% the rate of synthesis induced by thiomethylgalactoside (TMG) . Paigen concluded that this repressive effect is derived from uridine diphosphogalactose (UDPgal) and not from galactose itself (20) . He and other workers also presented evidence indicating that neither galactose nor UDPgal are responsible for catabolite repression (1, 17, 18) . It is known that ,3-galactoside permease (TMG permease I) also transports galactose (6; B.
Rotman, personal communication). Moreover, galactose does inhibit TMG uptake in E. coli to some extent (8) .
Since previous conclusions on the function of galactose as a repressor of 3-galactosidase synthesis depended on its effect on induced synthesis and thus probably involved permease complications, we decided to study the effect of galactose on constitutive synthesis. Our results make it clear that if galactose or a galactose derivative exerts a true repression, as opposed to an inhibition of inducer uptake, it does so by a mechanism distinct from catabolite or transient repression. We cannot, however, rule out inhibition of inducer uptake as the basis for the galactose effect.
MATERIALS AND METHODS Media. Minimal medium contained per liter of distilled water, 13.6 g of KH2PO4, 0.5 g of NH4Cl, 40 mg of MgSO4.7H20, 0.5 mg of FeCla, and 10 g of glycerol; it was neutralized to pH 7.0 with NaOH. When another carbon source replaced glycerol, it was used at a final concentration of 1% and it was denoted accordingly; e.g., melibiose minimal medium. Supplements to minimal medium, where indicated, included: galactose, 5 X 10-' M; TMG, 5 X 10-3 M; glucose, 5 X 10-' M; isopropyl-(3-D-thiogalactoside (IPTG); amino acids as required, 50 ,g/ml; and Dserine, 500 Mg/ml. Minimal agar was minimal medium supplemented with 15 g of agar (Difco) per liter. LB broth, LB agar, and LBC agar were formerly referred to as L broth, L agar, and LC agar (12 Bacterial strains. Table 1 shows the relevant genotypes of the bacterial strains used in this study. All strains are E. coli K-12 derivatives.
Strain BLIOOO is a spontaneous mutant isolated from strain 58-161 according to the method of CohenBazire and Jolit (3). Isolated colonies on minimal agar were recognized as constitutive for the synthesis of ,3-galactosidase by their ability to hydrolyze the chromogenic substrate ONPG after treatment with toluene (9) .
Preparation of and transduction by phage P1. High titer (approximately 109 to 1010 phage/mi) stocks of P1, capable of transducing lac at an efficiency of about 10-5 per infected bacterium, were prepared by infecting LBC broth cultures with P1 (multiplicity of infection, 0.01 to 0.02; bacterial concentration, 2 X 103 cells/ml) followed by growth with aeration until visible lysis occurred. The media and the methods for phage titration and transduction were those described by Luria et al. (12) the studies described below arose spontaneously in strain 58-161 (met+). This mutation resulted in low constitutive synthesis of the lac operon products, and since its nature (lacl or lacO) was initially unknown it was tentatively referred to as lacG.
To test the effects of glucose and galactose on constitutive synthesis in the mutant strain, both the mutant, BL1000, and its parent were cultivated in minimal medium until the logarithmic phase of growth was reached. The cultures were then divided into four equal subcultures which received no supplement, glucose, galactose, or TMG. Growth was continued for 2.5 hr; the cells were then harvested and assayed for f-galactosidase content ( Table 2 ). The unsupplemented culture of strain 58-161 showed the low basal level of enzyme expected for a wild-type culture. Glucose slightly decreased this level. Galactose was a weak inducer, whereas TMG was an excellent inducer. In strain BL1000, which synthesized ,B-galactosidase at a rate of 3 to 5c% of the fully induced rate, catabolite repression in the presence of glucose was also observed. However, in this strain, not only did galactose fail to repress constitutive synthesis, but it served as a very strong inducer.
Kinetics of induction in the lacG mutant. Evidence presented in the accompanying communication indicates that the LacG phenotype resulted from a single mutation in lacO (10) . Since strains 58-161 and BL1000 grow slowly and have no selective markers, it seemed advisable for further work to transfer the lacG mutation to a better strain. Accordingly, the lac regions of strains 58-161 and BLIO0O were transduced by phage P1 into strain EMlIOI, a dsdA derivative of strain W3828 (lacZ)(lac 11 D3) (4). One lac+ derivative of each type, denoted BL1002 (lac+) GALACTOSE AND #-GALA and BL1003 (lacG), were chosen for further study. To show that galactose is capable of inhibiting ,B-galactosidase synthesis in derivatives of strain EM1 01, as well as in derivatives of 58-161, the following control experiment was performed. BL1002 was grown in minimal medium to a density of 108 cells/ml. TMG was then added. After 15 min of further growth, the culture was divided into two equal parts, with one-half receiving galactose and the other half receiving no further supplement. Growth was continued for a further 75 min, with samples taken from time to time for assay of /3-galactosidase (Fig. 1) . The addition of galactose resulted in a 75 % decrease in the rate of 3-galactosidase synthesis.
As shown in Table 1 , the specific activity of ,B-galactosidase induced in the lacG mutant by galactose was lower than that induced by TMG. This could mean that the maximal rate of synthesis is not achieved with galactose as inducer or that there is a considerable lag before induction begins. Therefore, the kinetics of synthesis in response to galactose were examined. 
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Overnight cultures of strains BL1003 and BL1002 were diluted in minimal medium, grown to a density of about 108 cells/ml, and then divided into three equal parts. Each received no supplement, galactose, or TMG. The cells were incubated with shaking; every 30 min for 3 hr, samples were withdrawn and,-galactosidase activity and cell density were measured. During this period, exponential growth was maintained in the six cultures (Fig. 2) .
The rate of induction by TMG was about the same in both strains. Strain BL1002 synthesized 3-galactosidase at the low basal rate characteristic of wild-type E. coli K-12 in the presence and absence of galactose. In the unsupplemented medium, BL1003 synthesized ,3-galactosidase at its characteristic low constitutive rate. In the galactose-supplemented culture, after a lag of about one generation, this strain showed the same differential rate of synthesis as in the presence of TMG. Thus, the lacG mutation made it possible for galactose to induce /-galactosidase synthesis at the maximal differential rate, but, unlike TMG induction, there was a lag before this rate was established. This result clearly showed that any repressive effect that is derived from galactose is distinct from the catabolite repression derived from glucose. Several galactose. We concluded that the impurity in the galactose is largely glucose, which inhibits the synthesis of the galactose permease. The lag then represents the time necessary for consumption of the impurity by the growing cells and for the subsequent synthesis of galactose permease. It is possible that the galactose also contains trace amounts of lactose, but since its initial concentration was at most 2 X 10-4 M, it did not seem that it could play a role in the induction attributed to galactose. Cultures of BL1003 contained a significant amount of,-galactosidase and permease and would rapidly consume so small a quantity of lactose. Moreover, the lac permease is induced equally well by galactose in strain BL1003 and in lacZ mutants derived from it (10); hence, the transgalactosidase function, which is necessary for induction by lactose (2), is not needed for induction by galactose.
Effect of glucose on induction of /3-galactosidase by galactose. To confirm that strain BL1003 is still responsive to catabolite repression and to examine the effect of glucose on induction by galactose, the following experiment was performed. Strain BL1003 was grown to a density of 1.5 X 108 cells/ml. Galactose was added and growth was continued for 2 hr; then the culture was divided into two equal portions. One portion received no supplement, the other received glucose. Growth was continued, and samples were taken periodically for assay of enzyme (Fig. 3A) . On portions which received either TMG or galactose. Growth was continued, and after 30 min one TMG and one galactose subculture received glucose. Samples were taken periodically for assay of enzyme (Fig. 3B) . The TMG subculture which received glucose showed the wild-type response. There was no significant transient repression on addition of glucose. There was, however, the characteristic catabolite repression in response to glucose, that is, a decline in the rate of enzyme synthesis of approximately 50%c. In the galactose subculture that received glucose, however, the rate of synthesis remained low. In other similar experiments, we observed that, if glucose was added at any time to a galactose-supplemented culture of BL1003, induction ceased and the constitutive rate of ,B-galactosidase synthesis declined somewhat.
Thus, strain BL1003 showed wild-type sensitivity to catabolite repression and transient repression; it does not seem that the reversal by glucose of the inductive effect of galactose in this strain can be due to either mechanism. Loomis and Magasanik (11) We are then left with the question: is the galactose (and/or UDPgal) effect caused by yet another independent repression or is it caused by an interference with the mechanisms for concentration of inducer? On the basis of present information, without definitive evidence, we incline toward the latter.
Results presented in the accompanying paper (10) show the LacG phenotype to be the result of a mutation in lacO. It is conceivable that galactose has both an inducer and repressor effect on the wild-type operator, and that the lacG mutation has abolished the repressor effect only. Thus, the inductive effect, masked in the wild type, becomes apparent. As we have shown in the accompanying paper, however, presence of the lac permease is necessary for induction by galactose (10) . Koch (8) showed that galactose (0.025 M) decreases several-fold the exit half-life of TMG (10-3 M) . Since the concentration of TMG (5 X 10-3 M) used for induction of f-galactosidase synthesis in experiments in which galactose appeared to act as a repressor was 10 times higher than that necessary for maximal induction (16), we did not expect galactose to interfere with TMG uptake. However, as Koch pointed out, although the kinetics of the inhibition of TMG concentration at low concentrations of galactose are noncompetitive, they become competitive at high galactose concentration. The situation is then more complex and has not yet been analyzed. Possibly at high levels of galactose, the lac permease is effective in concentration of galactose but is not important at lower concentrations. If galactose at high concentrations displaces TMG as effectively as glucose at high concentrations displaces galactose, the galactose effect can probably be explained without invoking yet another repression control for this already well-regulated system.
